GROWTH HORMONE (GH) plays a key role in controlling postnatal somatic growth and modulating tissue differentiation and intermediary metabolism (13) . Many of the anabolic effects of GH are mediated by insulin-like growth factor I (IGF-I), a highly conserved 70-residue secreted protein (3, 21) . GH rapidly stimulates IGF-I mRNA and protein expression in the liver and other tissues (2, 5, 15, 23) through acute activation of gene transcription by mechanisms that remain incompletely characterized (2, 7, 38) . In growth-retarded patients with GH insensitivity syndromes and in pituitary-deficient rodents, somatic growth is halted but can be restored by treatment with IGF-I (12, 16, 20, 30, 31) .
The majority of circulating IGF-I is present in serum in a 150-kDa ternary complex that is composed of a single molecule each of IGF-I, insulin-like growth factor-binding protein-3 (IGFBP-3), and a serum protein termed acid-labile subunit (ALS) (16) . The importance of this circulating growth factor complex for normal somatic growth has been established by the recent observation that mice lacking both ALS and hepatic IGF-I show severe growth retardation (39) . GH also induces expression of the genes encoding IGFBP-3 (6, 11) and ALS (24, 25) , and at least for IGFBP-3 the biochemical mechanisms are unknown.
Binding of GH to its receptor, a member of the cytokine receptor superfamily, leads to receptor homodimerization and activation of the receptor-associated kinase, Janus kinase-2 (JAK2) (13) . JAK2 subsequently phosphorylates itself and selected tyrosine residues on the cytoplasmic face of the GH receptor, thereby creating docking sites for a variety of intracellular signaling intermediates, including STATs 1, 3, 5a, and 5b (8, 10, 27, 32) , members of the signal transducer and activator of transcription (STAT) family (14) . Upon their tyrosine phosphorylation by JAK2, STATs dimerize, translocate to the nucleus, and activate transcription of target genes after binding to conserved genomic regulatory sequences (14) . On the basis of published gene knockout studies in mice, a central role has been assigned to STAT5b and a secondary role to STAT5a in mediating the growth-stimulating actions of GH (33, 36) . Yet, despite the importance of STAT5b in somatic growth control, little is known about the genes that it regulates.
Activation of the GH receptor and JAK2 also initiates a series of feedback loops, designed to limit hormone-induced intracellular signaling (13) . Among the negative regulators of GH action is the suppressor of cytokine signaling (SOCS) family of proteins, which currently consists of eight members (18) . A variety of studies have demonstrated that SOCS proteins block several components of cytokine-signaling pathways, including the GH receptor and JAK2 (18) . Despite advances in characterizing SOCS functions, relatively little is understood mechanistically about their regulation in response to GH.
In this study, we have used recombinant adenoviruses encoding constitutive-active or dominant-negative variants of STAT5b to assess the role of this transcription factor in the acute control of gene expression by GH in vivo. Our results show that STAT5b mediates GH-induced activation of the genes for IGF-I, ALS, and IGFBP-3 in the liver, thus coordinating expression of all components of the circulating IGF-I protein complex. By contrast, STAT5b is involved in a more complicated way in the GH-stimulated transcriptional activation of SOCS gene expression.
MATERIALS AND METHODS

Materials.
The monoclonal M2 antibody to the FLAG epitope tag was purchased from Sigma (St. Louis, MO), and Alexa 488-conjugated goat anti-mouse IgG was from Molecular Probes (Eugene, OR). Recombinant rat GH was obtained from the National Hormone and Pituitary Program, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health. Oligonucleotides were synthesized at the Oregon Health and Science University (OHSU) Core Facility in the Department of Molecular Microbiology. Fugene 6 transfection reagent was purchased from Roche (Indianapolis, IN). Cos-7 cells were obtained from the American Type Culture Collection (Manassas, VA) and were incubated in DMEM with 10% fetal calf serum at 37°C in a humidified environment of 95% air-5% CO 2. All other chemicals were reagent grade and were obtained from commercial suppliers.
Recombinant plasmids and recombinant adenoviruses. The following plasmids were purchased from commercial suppliers: EGFP-N3 (Clontech, Palo Alto, CA); pShuttle and pAdEasy (Quantum Biotechnologies, Montreal, Canada). The mouse GH receptor in pcDNA3 was a gift from Dr. F. Talamantes (University of California, Santa Cruz, CA), and a cDNA encoding rat STAT5b was from Dr. Christin Carter-Su (University of Michigan, Ann Arbor, MI). The latter was modified by addition of a FLAG epitope tag at the NH 2 terminus of the protein by site-directed mutagenesis, as outlined previously (38) . Recombinant expression plasmids and adenoviruses for FLAG-tagged wild-type rat STAT5b, constitutively active STAT5b (N 642 to H), and dominant-negative STAT5b (Y 699 to F) have been described (38) , as has a recombinant adenovirus encoding EGFP (38) . All adenoviruses were purified over discontinuous CsCl gradients and titered by optical density. The DNA concentration of a control viral stock measured by optical density with a spectrophotometer was correlated with viral titer determined by plaque assay, and DNA concentrations of other viruses were then related back to the control stock.
Animal studies. Normal male Sprague-Dawley rats (n ϭ 6), 7-8 wk of age, were purchased from Harlan Sprague Dawley (Indianapolis, IN), as were male Sprague-Dawley rats that were hypophysectomized by a transauricular route at age 7 wk. Animals were housed at the OHSU Animal Care Facility on a 12:12-h light-dark schedule, with free access to food and water, and received care according to National Institutes of Health guidelines. All animal experiments were approved by the OHSU Animal Care and Use Committee. Hypophysectomized rats (n ϭ 12) received daily subcutaneous injections of replacement doses of glucocorticoids (cortisol phosphate, 400 g⅐kg Ϫ1 ⅐day Ϫ1 ) and thyroxine (10 g⅐kg Ϫ1 ⅐day Ϫ1 ). GH deficiency was confirmed by failure to grow during an observation period of Ն2 wk. Normal rats gained 20-25 g/wk. After this interval, animals were injected intravenously via tail vein with 0.2 ml of sterile PBS containing 2 ϫ 10 10 plaque forming units (pfu) of adenoviruses encoding EGFP (Ad-EGFP), dominant-negative (Ad-STAT5b DN ), or constitutively active (Ad-STAT5b CA ) STAT5b proteins and 2 ϫ 10 9 pfu of helper virus Ad-tTA. Ad-tTA expresses a tetracycline-inhibited transcriptional activator that regulates gene expression of the other recombinant viruses. This dose of viruses gave nearly complete liver cell infection in vivo and was determined in initial experiments by analysis of primary hepatocytes isolated using the collagenase method (40) from rats infected 48 h earlier with varying amounts of Ad-EGFP and Ad-tTA. A similar approach was used to document quantitative infection with Ad-STAT5b DN and Ad-STAT5b CA , except that hepatocytes were cultured for 24 h, fixed in 4% paraformaldehyde, and immunostained using antibody to the FLAG epitope tag at a 1:1,000 dilution (see Fig. 2 ). For experiments assessing GH action, rats were injected intraperitoneally with either vehicle (saline) or 1.5 g/g of recombinant rat GH at 48 h after virus infection. After an additional period of 30-120 min, animals were anesthetized with pentobarbital sodium (50 mg/kg ip), and the livers were excised, weighed, and placed on ice. Livers were then used for isolation of proteins and RNA, as outlined in Protein isolation and DNA-protein binding studies and RNA isolation and analysis. Normal rats also were anesthetized with pentobarbital, and their livers were also excised, weighed, placed on ice, and used for protein and RNA isolation.
Cell culture and gene transfer experiments. Cos-7 cells were transfected at ϳ50% of confluent density with expression plasmids for the mouse GH receptor and FLAG-tagged wild-type rat STAT5b (1 g of DNA for each plasmid per 60-mm culture dish) with Fugene 6, following a protocol from the supplier. After 32 h, cells were washed with PBS, and DMEM plus 1% bovine serum albumin (BSA) were added. After an additional 16 h, recombinant rat GH (final concentration of 45 nM) or vehicle (saline) was added, cells were harvested 30 min later, and nuclear and cytoplasmic proteins were isolated, as previously described (37) . In other experiments, Cos-7 cells were first transfected with the mouse GH receptor plasmid and were infected 24 h later with Ad-tTA and either an Ad-STAT5b variant or Ad-EGFP. After an additional 8 h, cells were washed with PBS, and DMEM plus 1% BSA were added. After a further 16 h, recombinant rat GH or vehicle was added, as above, cells were harvested 30 min later, and nuclear proteins were isolated.
Protein isolation and DNA-protein binding studies. Nuclear and cytoplasmic proteins were isolated from Cos-7 cells and from rat liver, as described previously (37, 38) . Electrophoretic gel mobility shift assays were performed (34) with 4-15 g of Cos-7 or rat hepatic nuclear protein extracts and fluorescein-labeled double-stranded oligonucleotides from the STAT5-binding site of the rat ␤-casein gene (17) , the STAT5-binding site of the rat Spi 2.1 gene (34), the high-affinity c-sis inducible element [SIE, which binds STAT1 and STAT3 (10)], or a binding site for specificity protein 1 (Sp1) (19) . The top strand of each DNA sequence is shown in Table 1 . Nuclear proteins were incubated in buffer containing 25 mM HEPES (pH 7.6), 7.5% glycerol, 60 mM KCl, 5 mM MgCl 2, 0.1 mg/ml BSA, 0.1 mM EDTA, 1 mM DTT, and 2 g poly dI.dC for 30 min at 4°C. The double-stranded DNA probe was added (final concn 20 nM) and, after an additional 30 min of incubation at 4°C, samples were loaded onto nondenaturing 4-12% polyacrylamide gels in 0.5ϫ TBE (45 mM Tris, 45 mM boric acid, and 1 mM EDTA, pH 8.3) and electrophoresed at 120 V for 2 h at 20°C. For competition experiments, a 50-fold molar excess of unlabeled double-stranded DNA [either ␤-casein or Oct-1 (29) ] was added to the incubation mixture. For supershift experiments, 1 g of antibody to the FLAG epitope tag was added to the incubation mixture. Results were detected using a Molecular Imager FX and were evaluated with Quantity One software (Bio-Rad).
RNA isolation and analysis. Total liver RNA and hepatic nuclear RNA were isolated as described previously (2) . The RNA concentra- tion was determined spectrophotometrically at 260 nm, and its quality was assessed by agarose gel electrophoresis. Aliquots of RNA were pooled from six pituitary-intact rats before the reverse transcription step. RNA (5 g) was reverse transcribed in a final volume of 20 l with an RT-PCR kit according to the manufacturer's instructions (Life Technologies, Carlsbad, CA), with either oligo(dT) primers (for total cellular RNA) or random hexamers (for nuclear RNA). Each PCR reaction contained 0.5 l of cDNA. Primer sequences are listed in Table 2 . The linear range of product amplification was established for each primer pair in pilot studies, so that in final experiments cycle numbers were chosen to reflect the approximate midpoint of the linear phase of amplification. For cDNA derived from whole cell RNA, this varied from 18 to 25 cycles depending on the gene, and for cDNA from nuclear RNA, from 24 to 30 cycles. Results were analyzed on 1.5% agarose gels and were visualized using a Molecular Imager FX. Band intensities were quantified by densitometry with Quantity One software. For all experiments, controls performed in the absence of the RT step yielded no products after PCR, indicating undetectable DNA contamination of RNA.
RESULTS
Analysis of recombinant adenoviruses encoding rat STAT5b and variants.
We recently developed a series of recombinant expression plasmids and adenoviruses encoding NH 2 -terminally FLAG-tagged wild-type rat STAT5b and two variants, a dominant-negative protein, containing substitution of phenylalanine for tyrosine 699, and a constitutive-active version, with alteration of asparagine 642 to histidine. Using these tools, we showed that STAT5b played a central role in the regulation of IGF-I gene transcription by GH in vivo (38) . Using the same reagents, we now have sought to determine whether STAT5b is involved in controlling the in vivo expression of other GHinduced genes.
We first tested the DNA-binding properties of recombinant wild-type and modified STAT5b in cultured cells after transient expression. Figure 1A shows results of gel mobility shift experiments with a double-stranded fluorescein-labeled oligonucleotide containing the GH-prolactin response element from the ␤-casein gene promoter, which binds STAT5b, and nuclear proteins isolated from Cos-7 cells cotransfected with expression plasmids for the mouse GH receptor and wild-type STAT5b and incubated with recombinant rat GH (45 nM) or vehicle for 30 min. GH treatment caused the appearance of a single protein-DNA complex (see lanes 1 and 2) that disappeared after addition of a 50-fold molar excess of unlabeled homologous DNA, but not with a heterologous competitor, Oct-1 (lanes 3 and 4) . The presence of recombinant STAT5b in the complex was demonstrated by a supershift with monoclonal anti-FLAG antibody (lane 5).
The DNA-binding properties of the two STAT5b variant proteins were analyzed next by gel mobility shift experiments using nuclear protein extracts from Cos-7 cells transfected with an expression plasmid for the mouse GH receptor and infected with adenoviruses encoding wild-type (Ad-STAT5b WT ), dominant-negative (Ad-STAT5b DN ), or constitutively active (AdSTAT5b CA ) proteins. As seen in Fig. 1B , a GH-dependent (Fig. 2A) . Additional pilot experiments showed that similar levels of viral infection produced comparable expression of STAT5b, as seen in Fig. 2B for Ad-STAT5b DN (Ad-tTA is a helper virus that expresses a tetracycline-inhibited transcriptional activator. It induces gene expression from Ad-EGFP, Ad-STAT5b DN , and Ad-STAT5b CA ). STATs 1, 3 , and 5 in pituitary-deficient rats. GH rapidly activates STATs 1, 3, and 5 in the liver and stimulates their nuclear translocation (9, 10, 27, 32) . To determine effects of adenoviral infection on these biochemical pathways, which involve signaling by the GH receptor and the tyrosine Janus kinase-2, JAK2 (13), a series of gel mobility shift experiments were performed using rat liver nuclear proteins isolated before and after acute in vivo GH treatment. To study the induction of STATs 1 and 3, a fluorescein-labeled double-stranded oligonucleotide was used that contained the high-affinity SIE element modified from the c-fos gene promoter (9) . This oligonucleotide has been shown to bind both homodimers and heterodimers of STAT1 and STAT3, with the STAT3 homodimer being the most prevalent species in rat liver (10) . As pictured in Fig. 3A , in all groups of rats GH rapidly stimulated binding of nuclear proteins to the SIE DNA probe. Nearmaximal activity of more than fivefold above baseline was seen by 30 min, the earliest time point examined, and maintenance of binding activity was observed for the entire 120-min duration of the experiments. Supershift experiments with specific antibodies confirmed that both STAT1 and STAT3 were components of this DNA-protein complex (data not shown).
Effects of adenovirus infection on GH-induced activation of
To assess GH-induced binding of hepatic nuclear proteins to a STAT5 DNA response element, gel mobility shift experiments were performed with a double-stranded oligonucleotide containing the GH-regulated STAT5 DNA site from the proximal promoter of the Spi 2.1 gene (34) . As shown in Fig. 3B , GH treatment acutely induced binding of nuclear proteins to this oligonucleotide in Ad-EGFP-infected hypophysectomized rats. By contrast, after infection with Ad-STAT5b DN , GHstimulated nuclear protein binding was observed only at the 30-min time point, whereas in rats infected with AdSTAT5b CA , DNA-protein interactions were greatly increased, even in the absence of GH, and were not altered by hormone treatment. A control gel mobility shift experiment demonstrates that binding of hepatic nuclear proteins to a fluorescein- Fig. 1 . Regulation of DNA-binding activity in nuclear protein extracts by recombinant adenoviruses encoding wild-type (WT), dominant-negative (DN), and constitutively active (CA) signal transducer and activator of transcription (STAT)5b. A: results of gel mobility shift assays using a double-stranded oligonucleotide for the GH-prolactin response element of the ␤-casein gene and nuclear protein extracts from Cos7 cells transfected with expression plasmids encoding the mouse GH receptor and wild-type NH2-terminal FLAGtagged STAT5b and treated with rat GH (40 nM) or vehicle for 30 min. A protein-DNA complex was seen only after GH treatment (lanes 1 vs. 2). Lanes 3 and 4, respectively, show results of competition with a 50-fold molar excess of either unlabeled double-stranded ␤-casein or Oct-1 DNA. Lane 5 demonstrates that an antibody to the FLAG epitope causes a supershift of the DNA-protein complex (thick arrow). The thin arrow indicates free probe. B: results of gel mobility shift assays performed, as in A, with Cos-7 nuclear proteins isolated from cells transfected with an expression plasmid for the mouse GH receptor and infected 1 day later with EGFP and/or wild-type, dominant-negative, or constitutively active recombinant STAT5b adenoviruses as indicated (Ad-EGFP, EGFP; AdSTAT5b WT , WT; AdSTAT5b DN , DN; AdSTAT5b CA , CA). After an additional day, cells were incubated with recombinant rat GH (45 nM) or vehicle for 30 min. Nuclear proteins were isolated, as described in MATERIALS AND METHODS, and either 10 g or 4 g were used, as labeled. The thick arrow indicates gel shift, and the thin arrow, free probe. In the lanes containing nuclear proteins from cells infected with Ad-EGFP, an additional signal can be detected caused by autofluorescence of EGFP (thin arrow). labeled double-stranded oligonucleotide containing a consensus binding site for the transcription factor Sp1 is not affected by GH in rats infected with any of the recombinant adenoviruses (Fig. 3C) . Taken together, the results in Fig. 3 show the selectivity and effectiveness of Ad-STAT5b DN and AdSTAT5b CA , respectively, to inhibit or mimic STAT5b function in the liver.
Hormonal regulation of gene expression. Members of the SOCS family have been shown to exert inhibitory effects on activation of STAT proteins in response to GH or cytokines and have been proposed to act as part of a classical negative feedback loop (18) . In this regard, several investigators have shown that GH can stimulate the gene expression of SOCS-1, -2, -3, and CIS in a variety of cell types, including primary hepatocytes (1, 4, 26, 28, 35) , although the biochemical mechanisms have not been established. Pertinent to the current studies are observations in STAT5b knockout mice, where GH treatment failed to increase steady-state mRNA levels for SOCS-2 in the liver (4), thus potentially implicating STAT5b as a key regulator of this SOCS gene.
To address the role of STAT5b in GH-stimulated SOCS gene expression, RNA was isolated from normal male rats, or at various intervals after GH treatment from pituitary-deficient rats infected with Ad-EGFP, Ad-STAT5b DN , or AdSTAT5b
CA for measurement of steady-state mRNA levels by semi-quantitative RT-PCR (for primers see Table 2 ). As shown in Fig. 4A , GH caused an increase in mRNA abundance for four SOCS family members in Ad-EGFP-infected hypophysectomized rats, but with different kinetics. SOCS-1, SOCS-3, and CIS gene expressions were all stimulated to peak mRNA values within 60 min of GH injection, the earliest time examined, and then declined in abundance by 120 min. In contrast, SOCS-2 mRNA expression did not become detectable until 120 min. Peak levels of transcripts for SOCS-2 were equivalent to values seen under steady-state conditions in pituitary-intact male rats of the same age, whereas expression of SOCS-1, CIS, and SOCS-3 after GH greatly exceeded the low levels measured in intact rats. Ad-STAT5b DN blocked GH-mediated stimulation of SOCS-1, SOCS-2, and CIS gene expression but caused GH-independent accumulation of SOCS-3 mRNA. AdSTAT5b
CA did not alter the GH-regulated pattern of SOCS family gene expression seen in Ad-EGFP-infected rats, except that an earlier increase in SOCS-2 transcripts was seen after hormone treatment. Steady-state levels of ␤-actin mRNA were not altered by GH under any circumstance.
In addition to SOCS genes, components of the IGF family are regulated by GH in the liver and in other tissues. IGF-I gene transcription is acutely induced by hormone and, on the basis of our recent observations, appears to require active STAT5b (38) . In the circulation, IGF-I is primarily found as a component of a ternary complex that also contains IGFBP-3 and ALS (16) . ALS is a GH-regulated liver-enriched gene (24, 25) . Hormone treatment readily induces its transcription, potentially through a STAT5 response element in the ALS promoter (25) . The role of GH in regulating IGFBP-3 gene expression is less characterized. In some experimental systems, GH exerts a stimulatory effect on IGFBP-3 mRNA abundance that does not appear to require intervening IGF-I (11), whereas in other models, IGF-I seems to be a key inducing agent (6, 11) .
To address the role of STAT5b in GH-stimulated ALS and IGFBP-3 gene expression, RNA isolated from saline-and GH-treated adenovirus-infected rats was used in semi-quantitative RT-PCR experiments. As a positive control, IGF-I gene expression also was examined. As seen in Fig. 4B , GH caused a prompt increase in IGF-I mRNA abundance, with transcripts containing exons 3 and 4 being measurable by 120 min in Ad-EGFP rats. Induction of IGF-I mRNA was impaired in rats infected with Ad-STAT5b DN and was markedly enhanced in the absence of GH in animals infected with Ad-STAT5b
CA . Neither IGFBP-3 nor ALS mRNA was detectable within 120 min after GH injection in Ad-EGFP-or Ad-STAT5b DN -in- Fig. 2 . Infection of pituitary-deficient male rats with recombinant adenoviruses. A: expression of EGFP in hepatocytes isolated after in vivo infection with Ad-EGFP. Hypophysectomized rats were infected with Ad-EGFP by tail vein injection 48 h before hepatocyte isolation, as described in MATERIALS AND METHODS. Results of fluorescence microscopy of freshly isolated cells are seen at left; at right is the same field visualized by phase microscopy. B: results of immunocytochemistry demonstrating expression of STAT5b DN in Ͼ90% of hepatocyes isolated 48 h after in vivo infection with Ad-STAT5b DN . Hepatocytes were cultured for 24 h, as outlined in MATERIALS AND METHODS, fixed for immunocytochemistry, and stained with an antibody for the FLAG epitope tag (left). At right is the same field visualized by phase microscopy. fected rats, but transcripts for both genes also were induced in the absence of hormone in animals infected with AdSTAT5b CA . Peak mRNA values for all three genes reached levels seen under steady-state conditions in pituitary-intact male rats only in animals infected with Ad-STAT5b CA .
Hormonal control of gene transcription.
On the basis of results seen in Fig. 4 , it appears that STAT5b is necessary but not sufficient for GH-dependent gene expression of SOCS-1, SOCS-2, and CIS, as STAT5b DN blocked but STAT5b CA did not enhance their mRNA accumulation after hormone treatment. It appears that STAT5b is both necessary and sufficient for IGF-I, because STAT5b DN prevented hormone-induced expression and STAT5b
CA increased IGF-I mRNA abundance in the absence of GH. In contrast, STAT5b seems not to be required for GH-mediated induction of SOCS-3 and could not be fully evaluated for ALS or IGFBP-3, because in the absence of added active STAT5b, acute GH treatment did not induce either transcript within the 120-min time frame studied. To extend these observations in a more mechanistic direction, we next assessed hormone-regulated gene transcription in nuclear RNA by use of a semi-quantitative RT-PCR assay that measures accumulation of nascent nuclear transcripts for each gene (38) . In Fig. 5 , the schematic gene diagrams to the left of each panel indicate the locations of the gene-specific primers used in these experiments, and their DNA sequences are listed in Table 2 .
As seen in Fig. 5A , in pituitary-deficient rats infected with Ad-EGFP, GH caused an increase in gene transcription of all four SOCS family members, but with slightly different kinetics. SOCS-3 was induced within 30 min, and SOCS-1, SOCS-2, and CIS by 60 min after hormone. Infection of rats with Ad-STAT5b DN prevented GH-stimulated induction of SOCS-1, SOCS-2, and CIS but had little effect on SOCS-3 transcription. Ad-STAT5b
CA had reproducibly minor effects on SOCS gene transcription. An earlier and more sustained response to GH was observed for SOCS-1 and SOCS-2, with an increase in nascent RNA first being measurable by 30 min instead of 60 min after hormone and being maintained for the entire 120-min experimental period. CIS transcripts also were modestly increased, with an earlier and higher peak of nascent nuclear RNA being observed. By contrast, SOCS-3 gene transcription was minimally altered. ␤-Actin gene transcription was not regulated by GH. 3 by GH, as measured by gel mobility shift assays using a double-stranded high affinity SIE probe and rat hepatic nuclear protein extracts from adenovirus-infected male hypophysectomized rats. B: time course of induction of active nuclear STAT5, as assessed by gel mobility shift assays with a double-stranded DNA probe containing the GH response element from the Spi 2.1 gene and hepatic nuclear protein extracts from adenovirus-infected male hypophysectomized rats. Note that one-third as much nuclear protein was used in samples from rats infected with Ad-STAT5b CA . C: results of gel mobility shift experiments using rat hepatic nuclear extracts from adenovirusinfected male hypophysectomized rats and a double-stranded oligonucleotide containing an Sp1-binding site. In all panels, the large black arrow indicates location of protein-DNA complexes, the white arrow, EGFP, and the small black arrow, free probe. Results are representative of 3 independent experiments. 
DISCUSSION
The broad effects of GH on somatic growth, tissue differentiation, and intermediary metabolism are mediated in part through coordinated changes in gene expression that are the outcomes of an interplay among several hormone-activated signal transduction pathways and involve both feed-forward and feedback loops. In this report, we have demonstrated the feasibility of specifically targeting STAT5b through use of an adenovirus-mediated gene transfer system in experimental animals to identify which GH-regulated genes are dependent on the actions of this hormone-activated transcription factor.
Our results show that Stat5b is an essential component in the control of transcription by GH for five genes studied, including SOCS-1 and -2, IGF-I, IGFBP-3, and ALS, that it plays a limited role in regulating CIS, and that it has no effect on SOCS-3. We find that dominant-negative STAT5b completely inhibits GH-stimulated SOCS-1, SOCS-2, CIS, IGF-I, ALS, and IGFBP-3 gene transcription, whereas constitutive-active STAT5b could substitute for GH in promoting robust expression of IGF-I, ALS, and IGFBP-3 genes in the absence of hormone and could increase the effects of GH on SOCS-1 and -2, leading to enhanced and more rapid gene activation after hormone treatment. In conjunction with published studies, our observations argue that Stat5b may play both direct and indirect roles in influencing GH-activated gene transcription.
The SOCS family of proteins functions as components of an inhibitory feedback loop that regulates the activity of cytokine receptors (18) . Previous analyses in both experimental animals and in cell culture models have demonstrated that mRNA and protein expression of SOCS-1, -2, -3, and CIS are rapidly induced by GH (1, 4, 26, 28, 35) , although the biochemical mechanisms responsible have not been established. SOCS-3 gene transcription has been shown to be activated by GH, but not through two putative STAT-binding sites in its proximal promoter, as both have been found to be dispensable for hormone-stimulated gene expression (26) . Our observations extend these results, as we show no effects of dominantnegative or constitutive-active STAT5b on GH-activated SOCS-3 transcription. Taken together, these findings indicate that GH stimulates SOCS-3 gene expression through mechanisms independent of STAT5b. Our results also agree with observations of Davey et al. (4) , who found that SOCS-3 mRNA was acutely induced by GH in STAT5b-deficient mice, although the extent of induction was less than in wild-type animals. No GH response elements have been definitively identified in the SOCS-1, -2, or CIS genes, and the mechanisms of hormonal regulation also remain uncharacterized. For SOCS-1 and -2, our results indicate a potentiating role for STAT5b in hormone-induced gene transcription, as overexpression of constitutive-active protein enhanced the rate and extent of GH-stimulated gene expression but did not activate transcription in the absence of hormone. These observations, which are consistent with studies performed with mice lacking STAT5b (4), suggest that STAT5b indirectly regulates the SOCS-1 and SOCS-2 genes, possibly through another GHactivated transcription factor that is also dependent on STAT5b for either expression or function. In contrast, CIS gene transcription was minimally increased by constitutive-active STAT5b.
Serum levels of IGF-I are stabilized through the formation of a ternary complex containing one molecule each of ALS and IGFBP-3 in addition to a single molecule of IGF-I (16). As shown here, STAT5b is involved in the transcriptional control of the genes encoding all three proteins. All are induced by constitutive-active STAT5b and are not stimulated by GH in the presence of dominant-negative STAT5b. Previous studies have identified a hormone response element in the proximal ALS gene promoter that binds STAT5 and is required for GH-stimulated gene activation (24, 25) . A similar mechanism may apply to IGF-I, but to date a GH-regulated STAT5b-binding site has not been identified within the IGF-I locus in any mammalian species, although it has been found in a salmon IGF-I gene (22) . In this regard, it is of interest that, despite apparently similar regulation of IGF-I and ALS genes by GH via STAT5b, the kinetics of gene activation in response to hormone differ dramatically. IGF-I gene transcription is induced by 30 min after in vivo GH injection, whereas ALS transcription is markedly slower, being detected only at the 120-min time point. These disparate results suggest that specific modifiers in addition to STAT5b may mediate the transcriptional activation of each gene by GH. Beyond the requirement for active STAT5b identified here, the mechanisms of IGFBP-3 gene activation by GH remain unknown, and under control conditions IGFBP-3 transcription is not detectably stimulated by hormone over the 120-min period evaluated.
GH plays a multifaceted and complex role in mammalian physiology (13) . It regulates somatic growth through both direct and indirect pathways, the latter being largely dependent on IGF-I (13, 16, 20, 39) ; it has important functions in many aspects of glucose, fat, and protein metabolism; and it modulates the immune and cardiovascular systems (13) . Our results further establish the central importance of STAT5b in controlling many of the transcriptional effects of GH on target gene expression, at least in the liver, and offer an experimental framework for defining the specific biochemical mechanisms by which other transcription factors mediate hormone-regulated gene activation in distinct tissues in vivo.
